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Abstract
Mobile radio path loss modeling is an important aspect of network planning which ensures an improved quality of service to the 
subscribers. In this paper, the predictions made by COST 231 Walfisch-Ikegami propagation model to estimate the path loss of 
the mobile signals are improved by proposing a hybrid model. The modified model combines the deterministic aspects of ray 
tracing along with statistical processing of the empirical measurements. It includes a loss term computed for multiple reflections 
by using the method of images. The ten ray urban street canyon model is extended to compute reflections from multiple paths.
The deterministic approach is merged with the statistical variations in the original Walfisch-Ikegami model. It consists of 
modeling the multi screen diffraction loss, roof to street loss and street orientation function by considering the height of the 
buildings, the separation and the road orientation angle as random variables with Gaussian distribution. The proposed hybrid 
model is validated by measurements of GSM 900 MHz signals collected in Hyderabad city of Southern India. The performance 
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of the proposed model is evaluated in terms of Prediction Error, Root Mean Square Error and other metrics. The results justify 
the improvement in the path loss prediction of the proposed semi deterministic hybrid model. This could be useful in link budget 
analysis and deployment of future cellular networks for the specified urban region and similar scenarios.
© 2014 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of scientific committee of Missouri University of Science and Technology.
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1. Introduction
The propagation of mobile radio signals is largely influenced by the transmission path between the base station 
and the receiver. The electromagnetic waves propagate through complicated environments where they are reflected, 
diffracted and scattered by various obstacles in the propagation path. The propagation models are the mathematical 
tools that allow the characterization of the channel. The empirical models are fast and simple to implement but have 
a reduced accuracy. The deterministic models estimate the signal strengths at a particular location using ray tracing 
methods based on geometric optics. [1]. It requires detailed onsite database, clutter information and has complex 
processing with large computation times. In order to develop a realistic channel model, that reflects the environment 
in a precise manner, a semi deterministic approach is required in which a moderate trade off is made in terms of 
improving the modeling accuracy and computational complexity. This paper focuses on mitigating the major 
drawback of COST 231 Walfisch-Ikegami (WI) model by modeling the losses due to multiple reflections arising 
from tall buildings in the propagation path. The urban dielectric canyon, ten ray model is extended to compute the 
contributions from multiple reflected rays which are summed up. The suggested hybrid model is a combination of 
statistically modified original Walfisch-Ikegami model and a deterministic ray tracing approach using the image 
method. The proposed model predicts the path loss in a better manner. The results are validated by on site GSM 900 
Mhz signal measurements for the specified terrain.   
2. Environment description and parameter extraction
2.1. Clutter environment 
The experimental location lies within latitudes 17026’2’’N and longitudes 78°26’45” E in north western part of 
Hyderabad city in Telengana state. The site can be considered as a dense urban region with high rise congested 
buildings on opposite sides of the road. The major requirements of deterministic modeling are the building database 
and electromagnetic parameter data base [2]. The building database consists of detailed geometric information about 
the building structures. Each building is a concrete structure with dimensions 15mX20m, and a height of 10 meters. 
The street width is taken as 20 m. The separation between the buildings is taken as 10 m. All the buildings located 
on either sides of the street have approximately the same height and width. The electromagnetic waves are reflected 
when it strikes an object with different electrical properties and have large dimensions compared to wavelength [3]. 
The electromagnetic parameter database includes the permittivity of concrete walls, floor, ceiling, conductivity, 
transmission coefficients, reflection coefficients, and polarization information.
2.2. Data collection and parameter extraction
The GSM 900 MHz received signal strengths are collected using Test Mobile System (TEMS) tool by conducting
a drive test over a distance of 3 Km, covering ten base stations.  The procedure for collecting the received mobile 
signal strengths is described in detail as per [4]. The base stations are mounted on building roof tops and the receiver 
is placed in a vehicle at 1.5m from ground level, which was driven around the area. GPS data is continuously 
recorded along the route which can be used for distance calculations at any point on the route [5]. Knowing the co 
ordinates of the base station and the information from GPS data sheets, the location of the receiver with respect to 
the buildings is accurately obtained. This is an important requirement for ray tracing calculations. The received 
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signal strengths, transmitted power and other major parameters used in the analysis, are obtained from the log files
of TEMS tool. Antenna gains and cable losses are taken into consideration for path loss estimation. The three major 
losses between the base station and the receiver comprises of   path loss, shadowing and fast fading. The received 
signal strengths are averaged over a given time to filter out fast fading effects [6]. Knowing the transmitted and 
received power the measured path loss is given as
                                                                                                              (1)
Where and are the transmitted power and gain of the base station, is the cable loss, is the gain of the 
mobile station and is the Received Signal Strengths. The path loss calculated from the measurements is used as 
reference for assessing the performance of the propagation models.
3. Significance of selecting COST-231 Walfisch-Ikegami model
The main objective of the investigations is to develop a suitable model that characterizes the signal propagation 
in an accurate manner. For the terrain under consideration, it has been proved that among the commonly used 
empirical models, Cost 231 Hata model predicts the path loss in better manner [4]. In case of semi deterministic 
models, Walfisch-Bertoni [WB] and COST 231 Walfisch-Ikegami [WI] models are commonly used. In this paper, 
the best suited empirical Cost 231 Hata model is compared with Walfisch-Bertoni and COST 231 Walfisch-Ikegami 
model. From the results, it is found that the prediction made by Walfisch-Ikegami model has a closer agreement 
with the measured path loss. Hence WI model is considered for analysis to further improve its prediction.
3.1. Walfisch -Bertoni Path Loss model 
The Walfisch-Bertoni is a first model that considers the effects of buildings in the urban environments. The 
model is based on the assumption that buildings are of uniform height, same width and are equally separated. The 
WB model with required correction factors for an urban environment is given as [7]
                                                                                          (2)
                                              (3)
‘d’ is the distance between base station and the mobile in km. f is the frequency in the range 800 MHz to 2000 
MHZ. is the antenna height, is building height and  is the height of the mobile expressed in meters. ‘b’ is 
the centre-to-centre spacing of the rows of the buildings. The drawback of this model is, it works only for 
propagation through the buildings of equal heights and is not capable of dealing with suburban and rural scenarios.
3.2. COST 231 Walfisch-Ikegami Path Loss model
This model is a combination of J. Walfisch and F. Ikegami which was enhanced by COST 231 project [8]. The 
Walfisch-Ikegami model computes the path loss by considering both Line of Sight (LOS) and Non-LOS conditions.
The parameters used in the model are the street width w, separation between the buildings s, height of the building
α, the angle of incidence, is the diffraction loss factor, is the distance factor and  is the frequency 
factor. The road orientation angle with respect to the direct path is Ԅ, which determines the function in degrees
[10]. is free space loss, is rooftop to street diffraction and scatter loss and is the multi-screen
diffraction loss. The WI path loss model for Non Line of Sight is given as [10]
                                                                                                                                     (4)
The major drawback of this model is, it focuses more on roof to street diffraction effects and neglects the losses due 
to multiple reflections from the buildings [8]. The feasibility of this model is checked for 900 MHz as applied to an 
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urban environment with suitable correction factors. In this paper, the prediction accuracy of WI model is improved 
by developing a hybrid model that includes the modeling of multiple reflections. The losses and the correction 
factors are given in Table I.
Table I
Walfisch-Ikegami model
Losses Correction factors
4. Development of Semi Deterministic Hybrid Walfisch-Ikegami model
The procedure for developing a hybrid model consists of two major parts. The first one involves the statistical 
variations in three major parameters of the original WI model. The second part is the extension of ten ray urban 
canyon model to find the attenuation due to multiple reflections from buildings along the propagation path. The 
flowchart for the proposed hybrid model is shown in Fig 1. The hybrid model consists of merging the statistical 
approach and deterministic method.
                                                   Fig 1.Hybrid Walfisch -Ikegami model
4.1. Statistical Variations in the original WI model
The first order statistical evaluators used for channel analysis comprise of probability density function, 
cumulative distribution function, Gaussian, Rayleigh, or Nakagami - n, distributions. These distributions specify the 
variations of signal amplitude with respect to time and are useful in analysing the propagation of radio waves [9]. 
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Gaussian distribution is suitable when the received signal consists of large amount of weak contributions from 
multiple reflected paths. This distribution was chosen since it was proved to provide best adjustments for the WI 
parameters [10]. The Gaussian distribution function for a random variable ‘x’ is given as
                                                                                                                        (5)
‘m’ is the mean and ‘σ’ is the standard deviation of the input random variable ‘x’. The Gaussian distribution is 
used to specify the height of the buildings hroof, separation between the buildings s, and the incident angle with 
respect to the street .These parameters are assumed as random variables with specified limits [10]. The parameters 
are expressed as
                          (6)
where , and are the mean values of building height, the separation between the buildings, and mean 
street orientation angle. are the normalised random variables and  
and are the respective standard deviations. The mean and standard deviation of the parameters are calculated 
from the database collected. The statistically modified multi screen diffraction loss , the function of street 
orientation angle and roof top to street diffraction loss are given as
Ȃ                                                                     (7)
                               (8)
                                  (9)
The modified terms are substituted in the original COST 231 Walfisch-Ikegami model and the expression for total 
attenuation or the path loss in a simplified form is given as
                                                                                                                             (10)
Equation 10 is the statistically modified COST 231 WI model, which retains the major drawback of neglecting 
the losses due to multiple reflections. Hence, additional deterministic ray tracing computations are done to estimate 
the losses due to multiple reflections.
4.2 Deterministic Image method of Ray tracing
The mobile radio signals from the transmitter propagate through complex environments where they are reflected, 
diffracted and scattered by buildings, walls, terrain and other obstacles. The multipath effects degrade the quality of 
the signal at the receiver. Ray tracing approximations provide deterministic solutions of the Maxwell’s equations 
using high frequency approximations [11].The principle of ray tracing using image method is basically a two step 
process. The first step is determining the image paths, and in the second step the fields are calculated using 
Geometric Optics (GO) approximation. The steps in Image method of ray tracing are briefly summarised.
The electromagnetic parameter database, geometric database of the buildings, known locations of the rooftop 
mounted base station transmitter and the receiver locations obtained from GPS data sheets are the input 
requirements. 
Ray paths are calculated by determining the location of an image source on each reflecting surface.
An image tree is constructed from transmitter to receiver describing the multiple reflection ray paths. The first 
surface creates an image of the transmitter. The second surface creates two transmitter images namely a primary 
image and an image of the first image. This process is repeated.
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A threshold is set for discarding the images with weak fields and selecting valid reflected rays. The cut off field 
strength is specified to detect the weakest field and the image sources that give field strengths below the 
threshold are discarded [12].
The reflection coefficient for each valid reflected ray is calculated with respect to the reflecting surface. 
If a direct line of sight exists, compute the LOS distance and calculate the field strength.
Compute total electric field strength as the vector sum of field strengths of ‘n’ rays arriving at the receiver. 
Compute received power and path loss knowing the field strengths. 
The algorithm of image method of ray tracing is used to compute the field strengths due to multiple reflections by 
extending ten ray urban canyon model.
4.2.1 Computation of multiple reflection loss from Ten ray model
The Ten ray model was developed by Amitay for urban microcells assuming linear streets with buildings on 
either side [13].The scenario of a ten ray model represents a dielectric canyon with rays reflected from the buildings 
arriving at the receiver. The experimental site considered for analysis is a linear street with large buildings on either 
side. Hence this model is selected for computing the losses due to the reflections from the buildings. The scenario
showing the reflections between the opposite buildings, as per the ten ray model is shown in Fig. 2.
                                                      Fig 2. Propagation Scenario of a ten ray model
The Ten-ray model includes all the paths due to single, double and triple reflections. At the receiver it is the
superposition of direct ray from the transmitter to the receiver (DR), the ground reflected ray (GR), the ray reaching 
the receiver after reflection from single building (SB), double building reflections (DB) and Triple reflections from 
the buildings (TB). In triple reflections, the signals are reflected from building1, opposite building 2 and further 
from the walls of building 1 to finally reach the receiver. Additionally reflections from building to ground (BG) and 
ground to building (GB) are also included in computing the total field strengths at the receiver. The path lengths are 
computed by the image method of ray tracing. If xi represents the path length of ith reflected ray, the difference in 
phase between the signals from different paths at the receiver is given as (ΔԄi). The overall received power 
approximated for a narrow band model by assuming is given as [13]
          where                                                (11)
is the product of the antenna gains of the transmitter and receiver corresponding to the i th ray. Ri is the 
reflection coefficient for each path, or it can be taken as the product of multiple reflection coefficients along the 
path. Suitable dielectric constants are used in calculations of reflection coefficients. The ten ray model is extended to 
compute the received power due to multiple reflections and a N ray tracing model is implemented. The received 
power for n rays  is given as [14].
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= ( ) at ar| |2                                                                                                                          (12)
at and ar   are the directional functions of transmitter and receiver. The cut off field strength is specified as 3.16mv/m 
for selecting valid reflected rays [12]. The images are computed and the steps in ray tracing procedure are 
implemented knowing the signal power at the receiver transmitted power , the loss term due to 
multiple reflections is estimated as
4.3. Hybrid COST 231 Walfisch-Ikegami model  
The loss term in (13) obtained from image method of ray tracing is added to the statistically modified WI model 
in (10). The proposed hybrid model to compute the signal propagation loss in a urban terrain is given as
The performance of the model is evaluated by comparison with on site measurements. The error metrics such as 
Prediction Error (PE), Mean Square Error (MSE), Root Mean Square Error (RMSE) and percentage Relative Error
(RE) are computed to validate the proposed hybrid model [14].
5. Results and Discussion
Path loss investigations are performed on the experimentally collected GSM 900 Mhz mobile signals involving 
ten base stations in the urban region [4]. It was observed that among the empirical models, Cost 231 Hata model 
predicted the path loss in a better manner with a closer match to the measured data [4]. In this paper, the best suited 
empirical Cost-231 Hata model is compared with Walfisch-Bertoni and COST 231 Walfisch-Ikegami semi 
deterministic models. The simulations are performed in Matlab and comparison is made with respect to the 
experimentally extracted path loss as shown in Fig 3.
                             Fig 3. Selection of best model for analysis                                        Fig 4 Performance evaluation of Hybrid model
From Fig. 3 it is observed that WI model curve has a closer agreement with the measured path loss compared to 
Walfisch-Bertoni and Cost 231 Hata model. The prediction error, MSE, RMSE SC-RMSE and percentage Relative 
Error values are least for Walfisch-Ikegami model, which justifies that it is best suited model for predicting the 
mobile signal losses. Although WI model characterizes the radio channel in a better manner than Cost 231 Hata 
model, it does not include the topological and electromagnetic data base of the buildings in the calculations. The 
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proposed hybrid COST-231Walfisch Ikegami model is compared with the original WI model as shown in Fig 4. It is 
found that the predictions of the hybrid model have better match with the measured path loss. In order to statistically 
evaluate the hybrid model, error metrics are computed. From the results it is observed that the prediction error of the 
hybrid model is reduced by 69.6% compared to the original model. This suggests an increase in the prediction 
accuracy. The MSE, RMSE, SC-RMSE and standard deviation are lesser for the hybrid model as shown in Table II.
Table II
Performance Evaluation of propagation models
The relative error with respect to the measurements is reduced by 7.31 % for the hybrid model. The reason for 
improvement in the prediction accuracy is, the hybrid model not only statistically models the major losses but also 
includes the losses due to multiple reflections from the buildings using deterministic image method of ray tracing. 
The error metrics suggests that the proposed hybrid model is more useful in estimating the path loss for the specified 
dense urban environment. There is a scope for further improvement of prediction accuracy by considering in 
building penetrations, phase delay estimations, modeling diffraction and scattering effects in a deterministic way.
6. Conclusion
This paper aims at improving the path loss prediction of COST 231 Walfisch-Ikegami model, as applied to a 
dense urban environment. The major drawback of WI model is overcome by developing a semi deterministic hybrid 
WI model. To evaluate the hybrid model, error metrics such as Prediction Error, MSE, RMSE, SC-RMSE and 
standard deviation are computed. The prediction error of the hybrid model is reduced by 69.6% and the relative error 
is reduced by 7.31 %. The error is considerably lowered for the proposed hybrid model. This suggests that the hybrid 
model estimates the path loss of the mobile signals in an improved manner, for the specified urban environment.
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